BRIX

:   Brix refractometry

FN

:   false negative

FP

:   false positive

HSROC

:   hierarchical summary receiver operating characteristic

IgG

:   immunoglobulin G

PI

:   prediction interval

QUADAS

:   QUAlity Assessment of Diagnostic Accuracy Studies

REF

:   serum refractometry

SROC

:   summary receiver operating characteristic

RID

:   radial immunodiffusion

TIA

:   turbidimetry immunoassay

TN

:   true negative

TP

:   true positive

UREM

:   univariate random effects logistic regression model

The newborn calf is highly dependent on colostrum intake to acquire adequate passive immunity during the neonatal period. The quality of transfer of passive immunity is most often practically assessed using serum immunoglobulin G (IgG) concentration 1--6 days after birth.[1](#jvim14893-bib-0001){ref-type="ref"} Inadequate transfer of passive immunity (ITPI) is diagnosed when serum IgG concentration is below a particular threshold (cutoff). Several cutoffs have been reported by different authors such as 10 g/L,[2](#jvim14893-bib-0002){ref-type="ref"}, [3](#jvim14893-bib-0003){ref-type="ref"} 12 g/L,[4](#jvim14893-bib-0004){ref-type="ref"} 16 g/L,[5](#jvim14893-bib-0005){ref-type="ref"} and 27 g/L.[6](#jvim14893-bib-0006){ref-type="ref"} These different cutoffs were obtained from different study populations (beef and dairy breeds) with different clinical definitions of inadequate immune transfer and by a data‐driven approach. Various negative outcomes have been associated with lower IgG concentration in calves.[7](#jvim14893-bib-0007){ref-type="ref"} Increased risk of mortality, overall neonatal morbidity, as well as diarrhea, and respiratory disease have been observed.[7](#jvim14893-bib-0007){ref-type="ref"} Stochastic model risk analysis estimated the total cost per calf with ITPI as €60 (\$72 using 2017, September 11 currency exchange rate (95% prediction interval \[PI**\]**: €10--€109 \[\$12--131\]) and €80 (\$96); 95% PI €20--€139 (\$24--167) for dairy and beef calves, respectively.[7](#jvim14893-bib-0007){ref-type="ref"} Therefore, to assess the quality of transfer of passive immunity in calves on a farm, regular measurements of serum IgG concentrations on calves less than a week old is a recommended practice.[8](#jvim14893-bib-0008){ref-type="ref"}

Serum IgG concentration can be determined by several diagnostic tests such as the radial immunodiffusion assay (RID) and turbidimetric immunoassay (TIA). The RID is the gold standard method for assessing IgG,[1](#jvim14893-bib-0001){ref-type="ref"} but TIA can also be considered a reference technique.[9](#jvim14893-bib-0009){ref-type="ref"} Serum IgG \<10 g/L has been traditionally used as an acceptable threshold for defining ITPI.[1](#jvim14893-bib-0001){ref-type="ref"}, [8](#jvim14893-bib-0008){ref-type="ref"}, [10](#jvim14893-bib-0010){ref-type="ref"} Both RID and TIA are reliable for measuring IgG concentrations but are not practical on farms, are expensive, and the results are typically available after 24--36 hours.[11](#jvim14893-bib-0011){ref-type="ref"} For these reasons, other practical methods to estimate serum IgG concentration have been investigated.[12](#jvim14893-bib-0012){ref-type="ref"}, [13](#jvim14893-bib-0013){ref-type="ref"} Among these methods, optical or digital refractometry (REF) and Brix refractometry (BRIX) have been suggested as methods to assess serum IgG concentration. Both methods use serum samples, and the results are numerical and continuous (in g/dL for REF also referred to as total solids or % for BRIX). One BRIX % is equivalent to the refractance of a 1% sugar water solution. Several cutoffs have been proposed for REF (5.0 g/dL, 5.2 g/dL, or 5.5 g/dL)[1](#jvim14893-bib-0001){ref-type="ref"}, [10](#jvim14893-bib-0010){ref-type="ref"} and BRIX (8.4% Brix degrees),[12](#jvim14893-bib-0012){ref-type="ref"} with values below a cutoff indicating a positive test result for ITPI. Using cutoffs is a practical way to dichotomize results and can be easily understood by farmers although categorization of a continuous marker has some limitations.[14](#jvim14893-bib-0014){ref-type="ref"}

The diagnostic accuracy of REF and BRIX has been estimated in various studies quantifying test sensitivity (proportion of calves with ITPI who are test positive) and specificity (proportion of calves without ITPI who are test negative). However, comparing the results of different studies without a formal, systematic approach is problematic. The evidence‐based approach is increasingly used in veterinary medicine.[15](#jvim14893-bib-0015){ref-type="ref"} This approach involves identification, appraisal, and synthesis of relevant studies on a specific topic by a reproducible step‐by‐step approach; results are interpreted taking into account between‐study variability, risk of bias (internal validity), and applicability (external validity) of the studies. Diagnostic test accuracy can also be assessed by an evidence‐based approach to summarize available test accuracy data and to investigate potential sources of heterogeneity.[16](#jvim14893-bib-0016){ref-type="ref"}, [17](#jvim14893-bib-0017){ref-type="ref"} Recently, we used this approach to determine the accuracy of BRIX to assess IgG concentration of colostrum (defining a good quality colostrum when IgG ≥50 g/L by RID or near‐infrared spectroscopy as a reference standard).[18](#jvim14893-bib-0018){ref-type="ref"} The diagnostic accuracy of REF and BRIX for assessing ITPI needs to be determined to provide evidence of the likely performance of these tests in practice.

Therefore, our objective was to perform a systematic review and meta‐analysis of the 2 index tests REF and BRIX for diagnosing ITPI as defined by IgG quantification. The specific question we were interested in answering was the following: "What is the sensitivity and specificity of serum REF and BRIX for the diagnosis of ITPI using IgG concentration (determined by RID or TIA) as a reference standard test in calves \<14 days of age?"

Materials and Methods {#jvim14893-sec-0008}
=====================

The protocol of this systematic review has been published.[19](#jvim14893-bib-0019){ref-type="ref"} Two minor changes concerning the study population and statistical analysis were made to the protocol. A systematic search of the literature was performed for studies published between 1986 and June 1st, 2016. We searched PubMed, CAB Abstract, and Searchable Proceedings of Animal Conferences (S‐PAC) to identify relevant studies reporting the accuracy of at least one of the 2 index tests (REF or BRIX) versus the reference standard (serum IgG measurement by either RID or TIA). The search strategy was published in the protocol. The reference list of each selected article was further screened to identify other potentially relevant articles and gray literature. Another search was performed by Google Scholar with the strategy: "Brix refractometer failure of passive transfer in calves" to identify published studies not retrieved from the other databases. The Google Scholar search was stopped after 40 consecutive references were judged not to be related to the review question.

All references were imported into freely available software,[a](#jvim14893-note-1001){ref-type="fn"} and duplicates were removed. Titles were then screened for their relevance to the review question by 2 authors (SB and EG). A second screening was performed by reading abstracts of the studies selected. We excluded studies that were not written in English, French, or Spanish (that could not be read by at least 1 author); did not evaluate the accuracy of REF and/or BRIX; the reference standard was not RID or TIA; or were review manuscripts.

The final selection of studies was completed after reading the manuscripts. Studies were included if they reported the accuracy of REF and/or BRIX against RID or TIA as reference standard, and if 2 by 2 tables of one of the index tests against IgG concentration could be retrieved from the manuscript. In the original protocol, we had planned to focus on calves ≤8 days old. However, although some studies mostly included calves ≤8 days old, they also included calves up to 10 or 13 days old. These studies were included in this systematic review. Data were collected independently by 2 review authors (SB and EG) and checked for consistency. The data extracted were authors' name, year of publication, study design, population of calves (dairy, beef, and mixed), age of calves sampled, reference standard used (RID or TIA), IgG cutoff used for defining ITPI, proportion of calves below reported cutoff, refractometer or Brix refractometer used, and sample storage before performing the index or reference standard test. We recorded study design as single‐gate or 2‐gate.[20](#jvim14893-bib-0020){ref-type="ref"} Briefly, a single‐gate study design is where cases (calves with ITPI) and noncases (calves with adequate TPI) were sampled using a single set of eligibility criteria (i.e., 1--gate). In contrast, a 2‐gate study is a study where cases and noncases were sampled using a different set of eligibility criteria (i.e., cases and noncases enter the study through separate gates). The 2‐gate study design is at higher risk of spectrum bias and can overestimate test sensitivity and specificity.[20](#jvim14893-bib-0020){ref-type="ref"}

The risk of bias and applicability of the included studies were assessed by the QUality Assessment of Diagnostic Accuracy Studies (QUADAS‐2) tool.[21](#jvim14893-bib-0021){ref-type="ref"} This tool assesses the internal validity of each study (i.e., risk of bias) as well as their external validity (i.e., applicability of the study with respect to the question of the review). The assessment of applicability differs from eligibility screening because the included studies are assessed in terms of how well the study population and setting, index test, and reference standard match the review question. Two review authors (SB and EG) independently assessed each study and disagreements were resolved by discussion with a third review author. We recorded the degree of agreement between the review authors.

Statistical analysis {#jvim14893-sec-0009}
--------------------

Descriptive statistics were obtained for the main study characteristics including the number of calves, prevalence of ITPI (defined as the proportion of calves below the IgG cutoff assessed by RID or TIA \[reference standard test\]), and proportion of studies with specific characteristics. For each study, 2 × 2 tables of the number of true positives (TP: index test positive and ITPI present), true negatives (TN: index test negative and no ITPI), false positives (FP: index test positive but no ITPI), and false negatives (FN: index test negative but ITPI present) were obtained for all cutoffs reported in the study. Using these tables, sensitivity and specificity, and their 95% confidence intervals (CI), were calculated.

The hierarchical summary receiver operating characteristic (HSROC) model[22](#jvim14893-bib-0022){ref-type="ref"} was planned for meta‐analysis of a pair of sensitivity and specificity from each study.[19](#jvim14893-bib-0019){ref-type="ref"} The HSROC model is one of the models recommended for diagnostic accuracy meta‐analysis because it accounts for both within‐ and between‐study variation.[23](#jvim14893-bib-0023){ref-type="ref"} In the HSROC model, the number of positive test results in the *j*th group and *i*th study follows binomial distributions with the probability of a positive test given by $${logit}\left( \mathit{\pi}_{\mathit{ij}} \right) = \left( {\theta_{i} + \alpha_{i}X_{\mathit{ij}}} \right)\exp\left( {- \beta X_{\mathit{ij}}} \right),$$where π~*ij*~ is the proportion of test positives, and *n* ~*ij*~ is the number in group *j* in the *i*th study. For the adequate TPI group, *j* = 0 and *X* ~*ij*~ is coded as −0.5. For the ITPI group, *j* = 1 and *X* ~*ij*~ is coded as 0.5. The implicit threshold θ~*i*~ models the trade‐off between true and false‐positive fractions, while α~*i*~ (accuracy parameter) measures the difference between the true and false‐positive fractions. Both θ~*i*~ and α~*i*~ are modeled as random effects with independent normal distributions. The shape parameter, β, allows for asymmetry in the shape of the summary receiver operating characteristic (SROC) curve.

We chose the HSROC model so that we could estimate SROC curves because we expected studies to use different cutoffs. For this analysis, if a study reported more than 1 cutoff, we randomly selected 1 cutoff so that only a pair of sensitivity and specificity was included from each study. Only studies that defined ITPI using a cutoff of 10 g/L for the reference standard were included in all meta‐analyses. The HSROC model was fitted using the NLMIXED procedure in the SAS[b](#jvim14893-note-1002){ref-type="fn"} software package.[24](#jvim14893-bib-0024){ref-type="ref"}

As several cutoffs have been recommended depending on the objective of maximizing sensitivity or specificity,[1](#jvim14893-bib-0001){ref-type="ref"}, [10](#jvim14893-bib-0010){ref-type="ref"} we also estimated summary estimates of sensitivity and specificity at these cutoffs (using 5.0--5.2 g/dL and 5.5 g/dL for REF, and 8.4% for BRIX). When analyses using the HSROC model failed to converge due to the small number of studies, because summary estimates were the focus of these analyses, we used univariate random effects logistic regression models (UREM) which are recommended when data are sparse.[25](#jvim14893-bib-0025){ref-type="ref"} This model is a simplification of the bivariate model by assuming the covariance is zero as follows: $$\begin{pmatrix}
\mu_{A_{i}} \\
\mu_{B_{i}} \\
\end{pmatrix} \sim \left( {N\begin{pmatrix}
\mu_{A} \\
\mu_{B} \\
\end{pmatrix},\Sigma_{\mathit{AB}}} \right)\text{with}\;\Sigma_{\mathit{AB}} = \begin{pmatrix}
\sigma_{A}^{2} & 0 \\
0 & \sigma_{B}^{2} \\
\end{pmatrix}.$$

The logit sensitivity (μ~*Ai*~) and logit specificity (μ~*Bi*~) of the *i*th study follow normal distributions with mean μ~*A*~ and variance $\sigma_{A}^{2}$ for the logit sensitivities, and mean μ~*B*~ and variance $\sigma_{B}^{2}$ for the logit specificities. A binomial likelihood is used for modeling within‐study variability.

Heterogeneity was investigated by visual examination of forest plots and SROC plots. We planned to formally investigate heterogeneity by adding a covariate to the HSROC model (i.e., meta‐regression) for each potential source of heterogeneity. Factors of interest included the type of refractometer used (digital versus optical), peer‐reviewed versus nonpeer‐reviewed studies, and low (\<20%) versus high (≥20%) prevalence of ITPI.[8](#jvim14893-bib-0008){ref-type="ref"} We planned to perform the analyses only if there were at least 5 studies for each subgroup of a covariate. We did not assess publication bias. Although the Deeks' test for detecting funnel plot asymmetry was developed specifically for systematic reviews of diagnostic accuracy studies, the test has low power when there is heterogeneity as is typically observed in diagnostic accuracy reviews.[26](#jvim14893-bib-0026){ref-type="ref"}, [27](#jvim14893-bib-0027){ref-type="ref"}

We created a summary of findings table to illustrate the implications of our meta‐analytic findings for a hypothetical population of 1,000 calves with expected prevalence of ITPI of 10% (low‐risk group), 20% (moderate‐risk group), and 50% (high‐risk group). These values represent variation of ITPI in different clinical settings (e.g., herds with good, average, or poor performance in terms of ITPI) and were obtained from the included studies. Using these hypothetical populations, the summary sensitivity and specificity, and their lower and upper 95% confidence limits, we calculated the number of TP, FN, FP, and TN,[c](#jvim14893-note-1003){ref-type="fn"} as well as positive and negative predictive values.

Results {#jvim14893-sec-0010}
=======

The flow diagram summarizing the flow of studies through the selection process is shown in Figure [1](#jvim14893-fig-0001){ref-type="fig"}. After combining search results from the different sources and removing duplicates, we identified a total of 1,291 publications. Of these, 115 full‐text papers were assessed for eligibility. A total of 13 test accuracy studies (3,788 calves), comprising 11 studies (1,814 calves) of REF[9](#jvim14893-bib-0009){ref-type="ref"}, [12](#jvim14893-bib-0012){ref-type="ref"}, [13](#jvim14893-bib-0013){ref-type="ref"}, [28](#jvim14893-bib-0028){ref-type="ref"}, [29](#jvim14893-bib-0029){ref-type="ref"}, [30](#jvim14893-bib-0030){ref-type="ref"}, [31](#jvim14893-bib-0031){ref-type="ref"}, [32](#jvim14893-bib-0032){ref-type="ref"}, [33](#jvim14893-bib-0033){ref-type="ref"}, [34](#jvim14893-bib-0034){ref-type="ref"} and 5 studies (2,881 calves) of BRIX,[11](#jvim14893-bib-0011){ref-type="ref"}, [12](#jvim14893-bib-0012){ref-type="ref"}, [29](#jvim14893-bib-0029){ref-type="ref"}, [30](#jvim14893-bib-0030){ref-type="ref"}, [35](#jvim14893-bib-0035){ref-type="ref"} were included in this systematic review. The characteristics of the studies are presented in Table [1](#jvim14893-tbl-0001){ref-type="table-wrap"}. All studies were single‐gate studies. Three studies[12](#jvim14893-bib-0012){ref-type="ref"}, [29](#jvim14893-bib-0029){ref-type="ref"}, [30](#jvim14893-bib-0030){ref-type="ref"} evaluated REF and BRIX in the same calves (Fig [S1](#jvim14893-sup-0001){ref-type="supplementary-material"}).

![Flow of the study selection process. The search was performed on June 1, 2016. CAB, Commonwealth Agricultural Bureau; TP, total protein; REF, refractometer in g/L; BRIX, Brix refractometry (%); RID, radial immunodiffusion; TIA, turbidimetric immunoassay; IgG, immunoglobulin G; Se, sensitivity; Sp, specificity.](JVIM-32-474-g001){#jvim14893-fig-0001}

###### 

Characteristics of studies reporting the accuracy of refractometer or Brix refractometry (BRIX) for the diagnosis of failure transfer of passive immunity in calves

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study[a](#jvim14893-note-0002){ref-type="fn"}, Year       Population                  Age of Calves (Days)   Reference Standard   IgG Cutoff (g/L)   Refractometer                                                    Refractometer Type   Sample Storage for Index Test   Sample Storage for IgG Measurement
  --------------------------------------------------------- --------------------------- ---------------------- -------------------- ------------------ ---------------------------------------------------------------- -------------------- ------------------------------- ------------------------------------
  Optical or digital refractometry (REF)                                                                                                                                                                                                                                     

  Calloway, 2002[b](#jvim14893-note-0003){ref-type="fn"}    Beef and dairy calves       \<10                   RID                  10                 Reichert Medical instrument, Buffalo, NY (1)\                    Optical              Frozen                          Frozen
                                                                                                                                                       TS Meter, Leica, Buffalo, NY \[2\])\                                                                                  
                                                                                                                                                       Westover RHC‐2000 handheld refractometer, Woodinville, WA (3)                                                         

  Dawes, 2002                                               Beef and dairy calves       \<14                   RID                  10                 Leica TS meter refractometer, model 10400A, Leica, Buffalo, NY   Optical              Fresh                           Frozen at −20°C

  Deelen, 2014                                              Holstein calves             3--6                   RID                  10                 PA202X‐003‐105, MISCO, Cleveland, OH                             Digital              Frozen at −20°C                 Frozen at −20°C

  Elsohaby, 2015                                            Dairy calves in majority    1--11                  RID                  10                 Westover RHC‐200ATC handheld refractometer, Woodinville, WA      Optical              Frozen at −20°C                 Frozen at −20°C

  Gungor, 2004                                              Holstein‐Friesian calves    1                      RID                  8                  NA                                                               NA                   Frozen at −18°C                 Frozen at −18°C

  Hernandez, 2016[c](#jvim14893-note-0004){ref-type="fn"}   Holstein calves             2--6                   TIA                  10                 Kernco Instruments Company                                       Optical              Refrigerated at 4°C             Refrigerated at 4°C

  Lee, 2008                                                 Dairy calves                0--10                  RID                  10                 Clinical refractometer, NOW, Tokyo, Japan                        NA                   Frozen at −80 °C                Frozen at −80 °C

  McVicker, 2002                                            Holstein male calves        4--8                   TIA                  10                 TS Meter, American Optical, Buffalo, NY                          Optical              Frozen at −20°C                 Frozen at −20°C

  Perino, 1993                                              4 crossbreeds beef calves   0--1                   RID                  8                  NA                                                               NA                   NA                              NA

  Priestley, 2013                                           Holstein female calves      1--7                   RID                  10                 NA                                                               NA                   Fresh                           Frozen at −25°C

  Tyler, 1996                                               Calves                      1--8                   RID                  10                 TS Meter; American Optical, Buffalo, NY                          Optical              Refrigerated at 4°C             Refrigerated at 4°C

  BRIX                                                                                                                                                                                                                                                                       

  Chamorro, 2015                                            Dairy calves                1--5                   RID                  10                 NA                                                               Digital              NA                              NA

  Deelen, 2014                                              Holstein dairy calves       3--6                   RID                  10                 PA202X‐003‐105, MISCO, Cleveland, OH                             Digital              Frozen at −20°C                 Frozen at −20°C

  Elsohaby, 2015                                            Dairy calves in majority    1--11                  RID                  10                 PAL‐1 digital Brix refractometer, Atago Co Ltd; Bellevue, WA     Digital              Frozen at −20°C                 Frozen at −20°C

  Hernandez, 2016[c](#jvim14893-note-0004){ref-type="fn"}   Holstein calves             2--6                   TIA                  10                 Palm Abbe PA201, MISCO, 2013                                     Digital              Refrigerated at 4°C             Refrigerated at 4°C

  Morill, 2013                                              Holstein calves             1                      RID                  10                 Model 300034; Sper Scientific, Scottsdale, AZ                    Digital              Frozen at −20°C                 Frozen at −20°C
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

RID, radial immunodiffusion assay; TIA, turbidimetric immunoassay; NA, not available.

All studies were single‐gate studies.

This particular study used 3 different refractometers on the same samples.

The accuracy measures came from the 1st trial reported in this study.

John Wiley & Sons, Ltd

The risk of bias and applicability concern of each study are presented in Figure [2](#jvim14893-fig-0002){ref-type="fig"}. With the exception of the reference standard domain, most studies had an unclear risk of bias. Applicability concerns were mainly unclear in the patient selection domain, while all studies were of low concern in the index test domain. In 5 of 13 studies, there was perfect agreement of the QUADAS‐2 assessments performed by the 2 review authors. Disagreements were often due to scoring studies as low or unclear risk of bias in the flow and timing domain.

![Risk of bias and applicability concerns for each included study.](JVIM-32-474-g002){#jvim14893-fig-0002}

The reference standard used was RID in 11 studies and TIA in 2 studies. Eleven studies used a cutoff of 10 g/L of serum IgG concentration to define ITPI. In 2 studies, the authors defined ITPI as IgG \<8 g/L.[28](#jvim14893-bib-0028){ref-type="ref"}, [33](#jvim14893-bib-0033){ref-type="ref"} The median prevalence of ITPI was 21% and ranged from 1.3[30](#jvim14893-bib-0030){ref-type="ref"} to 56%.[9](#jvim14893-bib-0009){ref-type="ref"} For each study, estimates of sensitivity and specificity, and the cutoff(s) used, are shown for REF and BRIX in Figures [3](#jvim14893-fig-0003){ref-type="fig"}, [4](#jvim14893-fig-0004){ref-type="fig"}, respectively.

![Forest plot of refractometry for diagnosing inadequate transfer of passive immunity in calves. TP, true positives; FP, false positives; FN, false negatives; TN, true negatives; CI, confidence interval. The studies are ordered by ascending cutoff (in g/dL), sensitivity, and study name. Study names with suffixes A to I reported test accuracy at multiple cutoffs. The study by Calloway et al., 2002, used 3 different refractometers, identified by suffix numbers 1 to 3 (1 = Reichert Medical instrument, Buffalo, NY, 2 = TS Meter, Leica, Buffalo, NY, and 3 = Westover RHC‐2000 handheld refractometer, Woodinville, WA). The information from the 2 × 2 tables Calloway (C3) and Calloway (D3) was used for summary accuracy assessment using 5.2 g/dL and 5.5 g/dL threshold, respectively (these tables were selected randomly among the 3 different refractometers datasets). With the exception of Perino 1993 and Güngör 2004, the studies used a cutoff of 10 g/L serum IgG concentration to define inadequate transfer of passive immunity. The 2 studies used a cutoff of 8 g/L and were excluded from all meta‐analyses.](JVIM-32-474-g003){#jvim14893-fig-0003}

![Forest plot of Brix refractometry for diagnosing inadequate transfer of passive immunity in calves. TP, true positives; FP, false positives; FN, false negatives; TN, true negatives; CI, confidence interval. The studies are ordered by ascending cutoff (in % of Brix), sensitivity, and study name. Study names with suffixes A to E reported test accuracy at multiple cutoffs.](JVIM-32-474-g004){#jvim14893-fig-0004}

We obtained SROC curves for REF and BRIX tests as shown in Figures [S2](#jvim14893-sup-0001){ref-type="supplementary-material"} and [S3](#jvim14893-sup-0001){ref-type="supplementary-material"}. For meta‐analyses at specific cutoffs, analyses using the HSROC model failed to converge. Using UREM, summary sensitivities and specificities were obtained for REF cutoffs of 5.2 g/dL (6 studies) and 5.5 g/dL (5 studies). For the 5.2 g/dL cutoff, the sensitivities from the 6 studies (140 ITPI cases out of 1,165 calves) ranged between 67 and 100%, and the specificities ranged between 83 and 100%; the summary sensitivity (95% CI) and specificity (95% CI) were 76.1% (63.8--85.2%) and 89.3% (82.3--93.7%). For the 5.5 g/dL cutoff, the sensitivities from the 5 studies (317 ITPI cases out of 1,133 calves) ranged between 80 and 94%, and the specificities ranged between 76 and 81%; the summary sensitivity (95% CI) and specificity (95% CI) were 88.2% (80.2--93.3%) and 77.9% (74.5--81.0%). Due to a limited number of studies with the same cutoff, we were unable to determine summary estimates for BRIX.

The summary of findings is presented in Table [2](#jvim14893-tbl-0002){ref-type="table-wrap"}. The impact of these different REF cutoffs is obvious for high prevalence of ITPI (50%) with a positive predictive value of 75.6% (378/500) for the 5.2 g/dL cutoff or 87.8% (439/500) for the 5.5 g/dL cutoff.

###### 

Summary of findings table for refractometry (REF) to assess transfer of passive immunity in calves using immunoglobulin G concentration of 10 g/L by either radial immunodiffusion or turbidimetric immunoassay as reference standard

  REF Cutoff   Sensitivity % (95% CI)   Specificity % (95% CI)   Prevalence of FPT (%)   True Positives (TP) (Range)   False Negatives (FN) (Range)   False Positives (FP) (Range)   True Negatives (TN) (Range)   PPV (Range %)       NPV (Range %)
  ------------ ------------------------ ------------------------ ----------------------- ----------------------------- ------------------------------ ------------------------------ ----------------------------- ------------------- -------------------
  \<5.2 g/dL   76.1 (63.8--85.2)        89.3 (82.3--93.7)        10                      76 (64--85)                   24 (15--36)                    99 (57--159)                   801 (741--843)                43.4 (34.8--52.9)   97.1 (95.9--98.0)
                                                                 20                      151 (128--170)                49 (30--72)                    88 (50--142)                   712 (658--750)                63.2 (54.5--71.9)   93.6 (91.2--95.6)
                                                                 50                      378 (319--426)                122 (74--181)                  55 (32--89)                    445 (412--479)                87.3 (82.7--90.9)   78.5 (72.6--84.8)
  \<5.5 g/dL   88.2 (80.2--93.3)        77.9 (74.5--81.0)        10                      88 (80--93)                   12 (7--20)                     199 (171--230)                 701 (671--729)                30.7 (28.8--31.9)   98.3 (97.3--99.0)
                                                                 20                      176 (160--187)                24 (13--40)                    177 (152--204)                 623 (596--648)                49.9 (47.8--51.3)   96.3 (94.2--97.9)
                                                                 50                      439 (401--467)                61 (34--99)                    111 (95--128)                  389 (373--405)                79.8 (78.5--80.8)   86.4 (80.4--91.6)

Three different prevalence scenarios of inadequate transfer of passive immunity (ITPI, defined as serum IgG \<10 g/L) were used based on the distribution of prevalence of ITPI in the included studies. The summary sensitivity and specificity for each cutoff were used for obtaining the number of TP, FN, FP, and TN in a hypothetical population of 1,000 calves. The positive (PPV) and negative (NPV) predictive values were computed using these numbers. The ranges around all the numbers were obtained using the lower and upper 95% confidence limits of the summary sensitivities and specificities.

John Wiley & Sons, Ltd

Discussion {#jvim14893-sec-0011}
==========

There was variability in diagnostic accuracy between studies. The performance of REF depends on the choice of cutoff; REF was more specific but less sensitive at the 5.2 g/dL cutoff compared to the 5.5 g/dL cutoff. This implies that the lower cutoff may be used when ruling in ITPI (e.g., trying to avoid a calf that would be falsely diagnosed as having ITPI). In contrast, the higher cutoff may be used when ruling out ITPI (lower false‐negative rate). It was not possible to obtain summary estimates for BRIX due to limited data. Despite the common use of these diagnostic tests (especially REF) in clinics, data on their accuracy were limited as indicated by the low number of studies that were identified.

Systematic reviews of diagnostic test accuracy are seldom performed in veterinary medicine. However, they are important to understand the clinical performance of a diagnostic test.[36](#jvim14893-bib-0036){ref-type="ref"} To the authors' knowledge, this is the first systematic review on the diagnostic accuracy of REF and BRIX for diagnosing ITPI in calves. The review was performed using methods recommended in the Cochrane Handbook for Diagnostic Test Accuracy Studies (<http://methods.cochrane.org/sdt/dta-review-author-training> assessed October 4, 2016).[37](#jvim14893-bib-0037){ref-type="ref"} Therefore, the key strength of this review is that it represents a methodologically robust overview of the currently available evidence on the accuracy of REF and BRIX for assessing ITPI.

The reporting quality of the available studies hampered the assessment of the risk of bias. For most of the studies, risk of bias in the index test domain was unclear as it was not reported whether REF or BRIX was interpreted without knowledge of IgG measurement results. In addition, the choice of the optimal cutoff used to define sensitivity and specificity was frequently data‐driven which is known to inflate test accuracy.[38](#jvim14893-bib-0038){ref-type="ref"} We graphically explored heterogeneity in test accuracy, but due to limited data, we were unable to formally investigate potential sources of heterogeneity such as age and breed of calves, technical characteristics of the index tests (e.g., digital versus optical refractometry), and sample conservation method.

The definition of the reference standard to diagnose ITPI was based on a specific cutoff of serum IgG concentration determined by RID or TIA in healthy calves.[8](#jvim14893-bib-0008){ref-type="ref"} In all but 2 studies included in this systematic review, the serum IgG concentration cutoff used was 10 g/L although we did not limit our search to this specific cutoff. A 10 g/L cutoff is generally accepted as an industry benchmark, but the association between IgG levels and ITPI risk is complex. To the authors' knowledge, there is no serum IgG cutoff that would be 100% sensitive and specific for ITPI definition due to the dichotomization of a biologic process most likely better represented on a continuous scale. Most likely, the higher the serum IgG concentration, the better is the transfer of passive immunity. Dichotomizing the serum IgG values means that we suppose that a calf just below the used cutoff is different from the calf barely above the cutoff which we know is not true. Recent studies have shown that serum IgG \>20 g/L and ≤25 g/L could be suggested as potential cutoffs above which heifer calves were at lower risk of dying during the first 4 months of life.[39](#jvim14893-bib-0039){ref-type="ref"} The optimal concentration of IgG to protect a calf may also depend on the specific risk factors which are variable from one farm to another. The same concentration of IgG in a calf may have different health impact if the calf is in a well‐managed farm with low infectious challenges versus a farm with high known morbidity/mortality.

Very high levels of IgG could also be associated with ongoing illness (detected or not) and dehydration. Serum refractance can be affected by dehydration which can concentrate blood components and actual protein content. A sick calf could have an ongoing inflammatory process (e.g., septicemia, diarrhea, or respiratory disease) and be falsely classified as having adequate transfer of passive immunity due to increased serum refractance (increased blood inflammatory marker). In this case, the risk of misclassification concerning passive transfer of immunity is increased.[40](#jvim14893-bib-0040){ref-type="ref"} This is the reason for excluding studies exclusively describing sick animals (especially calves with scours) from our review.

The benefits of improving and monitoring transfer of passive immunity are evident because it is an important driver of calf health and morbidity in beef and dairy production,[7](#jvim14893-bib-0007){ref-type="ref"} as well as in veal production.[41](#jvim14893-bib-0041){ref-type="ref"} The REF and Brix refractometers are convenient for daily use. In addition, the BRIX scale can be used for other purposes such as colostrum quality assessment[18](#jvim14893-bib-0018){ref-type="ref"} or for assessing milk replacer total solids concentration.[42](#jvim14893-bib-0042){ref-type="ref"} The IgG levels are not the only colostrum component that could benefit calf long‐term health and productivity. Cellular or humoral factors contained in the colostrum are also of importance to calf health.[43](#jvim14893-bib-0043){ref-type="ref"}, [44](#jvim14893-bib-0044){ref-type="ref"}, [45](#jvim14893-bib-0045){ref-type="ref"} However, unlike serum refractance which is a proxy of IgG concentration, the other constituents are not easy to measure. This association between serum IgG and serum refractance can also be affected by the type of colostrum fed. Colostral replacer or supplement has different protein profiles and therefore would give different serum refractance for treated calves than calves treated with maternal colostrum.[34](#jvim14893-bib-0034){ref-type="ref"}, [46](#jvim14893-bib-0046){ref-type="ref"} For this reason, we excluded studies where a colostrum replacement or supplement product was used. In these situations, the accuracy of REF or BRIX estimated in this review is unlikely to be applicable. In these cases, it would be interesting to examine the specific relationship between serum refractance and IgG concentration in order to determine the optimal way to diagnose ITPI.

Although there was paucity of data, we found more studies on REF than on BRIX for assessing ITPI. No summary estimates were obtained for any BRIX cutoff. Therefore, further research on the diagnostic accuracy of REF and BRIX is needed. Future studies of REF and BRIX should be reported using the STAndards for Reporting Diagnostic accuracy studies (STARD) guidelines to facilitate appraisal of their methodological quality.[47](#jvim14893-bib-0047){ref-type="ref"} Better reporting will also ensure availability of test accuracy data and information on how reported cutoffs were selected. This review identified only 3 studies that evaluated both REF and BRIX. Therefore, there was insufficient evidence to determine whether one refractance scale is more accurate than the other. Future research should address the comparative accuracy of the 2 tests to determine which test is more accurate, and therefore if one type of refractometer scale should be preferred when assessing ITPI.

In conclusion, there was a paucity of data on the accuracy of REF and BRIX when evaluated against RID or TIA as a reference standard, and study quality was often unclear. The main objective of ITPI investigation at the herd level is to identify cases of ITPI and/or improve colostrum management strategies. For minimizing the number of false‐negative cases (i.e., the number of calves with ITPI not detected by the test), a cutoff of 5.5 g/dL instead of 5.2 g/dL for REF appears to be a better threshold for ruling out ITPI.
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**Figure S1.** Forest plot and summary receiver operating characteristic plot of studies reporting the accuracy of refractometry and Brix refractometry in the same calves for the diagnosis of inadequate transfer of passive immunity in calves.

**Figure S2.** Forest plot and hierarchical receiver operating characteristic (HSROC) curve of studies reporting the accuracy of refractometry for the diagnosis of inadequate transfer of passive immunity in calves.

**Figure S3.** Forest plot and hierarchical receiver operating characteristic curve of studies reporting the accuracy of Brix refractometry for the diagnosis of inadequate transfer of passive immunity in calves.
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